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ABSTRACT I‘ 

This paper provides an account of ow analysis of future needs for non-fuel uses of fossil fuels, 
particularly coal, and a discussion of possible routes for developing chemicals and materials. An 
overview of energy supply and demand in the world and the existing non-fuel uses of fossil fuels in the 
U.S. will be given first The amount of energy used for non-fuel purpose is small compared with the 
amount of energy consumed by end users. Nevertheless, the non-fuel uses of fossil fuels may become 
more important in the future. The demonstrated coal reserves in the world are enough for consumption 
of over 220 years at the 1992 level, while the oil reserves are only about 40 times of the worlds 
consumption level in 1992. Coal may become more important both as energy source and as the source 
of chemical feedstocks as we move into the 21st century. However, traditional non-fuel uses of coals 
(coke ovens and the coal tars) are diminishing rapidly. We will discuss the possible new processes for 
making both bulk and specialty chemicals and polymers and carbon materials from coals and liquids 
from coal liquefaction. Specific examples will be provided from work in progress in our laboratory, 
including conversion of coals and coal liquids to specialty chemicals, polymer materials, activated 
carbons, graphitic carbons, and electrode materials. 

WORLD AND U.S. SUPPLY AND DEMAND O F  FOSSIL FUELS 

Table 1 summarizes energy supul~  and demand in the world and in the US., and the U.S. 
primary energy input into the elecmc utifinek The energy statistics data in this paper were derived from 
several recent DOEYEIA reD0tt.s lEIA AER. 1993: AEO. 1994: EO. 1994 IPSO. 1994 MER. 1997: ~ ~ , . .  ~~~~ , .. . _. 
QCR, 19941. Fossil firel; are h e  dominant sources-of en&gies’for m’odern societies as well as 
chemicals and synthetic organic materials. 

Currently the world consumes 66.9 miUion barrels of oils per day (mbpd) and 24.34 billion 
barrels per year (136.3 quadrillion Btu/year). According to the most recent report, the estimated crude 
oil reserves in the world are 999.1 billion barrels, with 66.3% in the Middle East region but only about 
2.4% in the U.S. The world is consuming petroleum at a very fast speed. The sum of all the petroleum 
reserves in w,orld is only 41 times the consumption in 1992. 

As of 1992, the sum of all the known natural gas reserves in the world is 4375.8 trillion cubic 
feet, with about 40% in the former Soviet Union and only 3.8% in the U.S. The world total 
consumption in 1992 reached 74.7 trillion cubic feet, which is equivalent to 74.3 quadrillion Btu. The 
known reserves in the world are about 59 times the consumption level in 1992. 

The worldwide coal consumption in 1992 is 5001 million short tons (4535.9 million metric 
tons), which is equivalent to 88.9 quadrillion Btu. The world coal rese.rves are 1145.3 billion short tons 
(1038.5 billion metric tons), with about 23.1% in the U.S. The world coal reserves are over 225 times 
the consumption level in 1992. In particular, coal is the mast abundant fossil hydrocarbon resource in 
the US., and the U.S. coal reserves (265.2 billion short tons) are about 300 times the current domestic 
annual consumption. Coal is expected to become more important in the future both as energy some  
and as the source of chemical feedstocks. 

OVERVIEW OF NON-FUEL USES OF FOSSIL FUELS 

Table 2 shows the amount of fossil hydrocarbon resources used for non-fuel purposes. Non- 
fuel use of fossil fuels in the US. is small compared with the amount of energy consumed as fuels by 
end users. As shown in Table 2, the non-fuel use of fossil resources is overwhehingly the use of 
petroleum products, primarily petrochemical feedstocks, asphalt and road oil, petroleum coke, and 
liquefied petroleum gases. Non-fuel use of coal is dominated by the coal carbonization to make 
metallurgical coke. The non-fuel use of natural gas includes making synthesis gas, olefins, and carbon 
blacks. In 1992, the 5.84 quadrillion Btu consumed for non-fuel uses of fossil fuels (including coals 
for coke production) represented 7.1% of total energy consumption in the U.S. (82.42 quadrillion BU). 
Non-fuel use of petroleum is 13.2% of petroleum consumed in the U.S. 

Figure 1 shows the profile of the 
U.S. coal production by type over the period 1960-1992. Currently US. coal industry employs about 
120 thousand miners, and produces about 1 billion short tons (about 900 million metric tons) of coals 
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m u d y  [NCA, 19931. About 90% of the coals are consumed domestically. About 10% of coals 
mined in the U.S. are exported, and they are bituminous coals, including about 43 and 60 million short 
tons of steam coals and metallurgical coals, respectively PICA 19931. 

As shown Table 3, elecmc utilities are the dominant consumers of coals. In fact, their 
consumption grew from 177 to 780 million tons during 1960-1992 [Song, Schobert, Scarod, 19941. 
The percentage distribution of the domestic consumption in 1992 is as follows: 87.2% by utilities, 8.4% 
by indusaies, 3.8% by coke plants, and 0.6% by residential and commercial users. Coal accounted for 
about 80 8 of all the fossil fuels consumed at electric utilities in 1992. 

Existing non-fuel uses of coals include (1) high 
temperam carbonization of bituminous coal to m&,metallurgical coke; (2) gasification of cod to make 
synthesis gases and other chemicals; (3) use. of coal m manufacturing other materials such as activated 
carbons, carbon molecular sieves (CMS) and producth of phosphoric acid; (4) the use of coal tars 
from carbonization (and gasification) for making aromatic chenlals; and (5 )  the use of coal tar pitch for 
making carbon fiks m6 activakd carbon fibers, and other related prcducts. 

Non-fuel uses of coals have also been described 
under the Section 1304 of the National Energy Policy Act of 1992: The Secretary of Energy shall plan 
and carry out a program of research, development, demonstration, and commercial application with 
respect to technologies for the non-fuel use of coal, including (1) production of coke and other carbon 
products derived from coal; (2) production of coalderived, carbon-based chemical intermediates that are 
precursors of value-added chemicals and polymers; (3) production of chemical feedstocks via coal 
treatment processes. 

It is expected that coal liquefaction 
could become a viable option sometime in the next century, for producing liquid transportation fuels as 
well as chemical feedstccks. Despite enormous strides in coal liquefaction research and development, 
coalderived liquid fuels are still not economically competitive with petroleum. However, the economic 
analysis of the viability of coal liquefaction may well produce a different result if some coalderived 
liquids, particularly aromatic and phenolic compounds, can be used for making value-added chemicals 
and polymer materials. Just as crude oils are also used for making petrochemicals, the liquids from coal 
liquefaction are expected to provide the needed organic chemicals, albeit in smaller amounts compared to 
their use as fuels. 

The importance of promoting non-fuel uses of coal in conjunction with coal liquefaction in the 
future is also apparent from the following facts. In 1970 the daily petroleum production and 
consumption in the U.S. were 9.64 and 14.70 million barrels, respectively. However, the U.S. 
petroleum production decreased to 6.84 million barreldday in 1993, whereas the consumption increased 
to 17.03 million barrels/day. The worldwide petroleum consumption also rose from 46.81 million 
barrels/day in 1970 to 66.93 million barreldday in 1993, which is a 43% increase in 22 years, 
Currently, the US.  petroleum consumption is about 24.6% of the worlds total consumption, but 
U.S.'s petroleum reserves are only about 2.4% of the worlds total reserves. The remaining crude oils 
in the existing reserves are getting heavier. For example, the average API gravity of crudes refined in 
the. U.S. decreased from 33.8 to 31.8 during the 10 years between 1980 and 1990; related to this 
increase in density (decrease in API gravity) is a constant rise in the sulfur content of the crude oils, 
from 0.88 wt% in 1980 to 1.11 wt% in 1990 [Swain, 19911. With the continuing decline in the 
resource and in the quality of crude oils, the processing of coalderived oils in existing petroleum 
refmeries may become economically viable sometime in the 21st century. 

Liquids from coal liquefaction may be used as feedstocks for making organic chemicals and 
various carbon materials, in addition to their use for producing transportation fuels. Relative to heavy 
oils, the problems associated with refining coal-derived liquids are their higher contents of aromatics, 
particularly polycyclic aromatics, and higher contents of nitrogen- and oxygen-containing compounds. 
Sulfur removal does not seem to be such a technical problem, since it is thought that 
hydrodesulfurization is easier, chemically, than hydrodenitrogenation. In the context of the prcduction 
of chemicals and specialty materials, however, the high contents of aromatics, phenolics, and nitrogen 
compounds may provide a practical application of the folk adage, "If life hands you a lemon, make 
lemonade." If the "lemon" is the problem of dealing with the oxygen and nitrogen compounds prior to 
conventional refining for fuel use, the "lemonade" may be the use of these. compounds and their 
derivatives for making value-added chemicals and monomers for aromatic polymer materials. 

Non-fuel Uses of Coals. 

Energy Policy Act of 1992. 

Non-fuel Use through Coal Liquefaction. 

SYNTHESIS OF CHEMICALS AND POLYMERS FROM COALS 

Before 1945 about.75% of all the organic chemicals in the world were based on coal-derived 
liquids, but with the advent of vast petroleum resources in the world during the 1940s. crude oil 
gradually became dominant chemical feedstocks by 1960. Currently petroleum and natural gas account 
for more than 90% of the major industrial organic chemicals [Speight, 1991; Sheldon, 19831. These 
resources are the primary sources of the seven basic organic chemical building blocks: ethylene, 
propylene, butadiene, benzene, toluene, the xylenes, and methanol. However, coal tars remain an 
important source of aromatic chemicals. The annual consumption of aromatic chemicals worldwide is 
about 25 Mt for benzene, toluene, and xylenes; and 5 Mt for naphthalene and three- and four-ring 
compounds IMurakami, 1987; Collin, 19851. Coal tar accounts for about 1545% of the BTX 
production and 95% of the larger aromatics. 
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The last two decades have witnessed enonnous developments in various organic and carbon- 
based materials [Song and Schoben, 19931, and it is certain that the late 1990s and the 21st century 
will see significant further growth of these materials. Examples include engineering plastics, liquid 
crystalline polymers, high-temperature heat-resistant polymers, polymef membra!Ies. graphitic carbon 
materials, carbon fibers, and activated carbon fibers. Many of the s m g  matends for monomers of 
the aromatic polymer materials are not readily available from pemkum. 

Scheme I shows some important aromatic polymer materials [Song and Schobert, 19931. 
Scheme H gives the structures of some important liquid crystalline polymers [Song and Schobert, 
19931. Due to the recent development of many aromatic polymer materials, there is a great demand for 
aromatic monomers. Since the U.S. production of coal tar, which is an important source for 1- to 4-ring 
chemicals (particularly 2- to 4-ring aromatics), has declined significantly in the past decade, there is a 
need for developing an alternative source of aromatic chemicals in the future. With the rapidly increasing 
engineering applications of aromatic compounds for polymer materials, the demands for many aromatics 
of one to four rings have increased in the recent past, and this trend is expected to continue into the 2lst 
century. Thus an excellent opportunity exists to explore the potentials of developing value-added 
chemicals and specialty materials from coals and the liquids obtained from coal liquefaction. 

As we have discussed in detail elsewhere [Song and Schobert, 19931, research on deriving coal- 
based chemicals from coal liquids can be viewed as an extension of coal liquefaction research. 
Development of value-added chemical products could both increase the economic viability of coal 
liquefaction and make coal liquids more competitive with pemleum because coal liquids contain many 
compounds not found in petroleum [Song et al., 1991,1992; Lai et al., 1992; Zhou et al., 1992; SaiN 
and Song, 19941. In analogous fashion, the economic viability of processing heavy residual materials 
could also be strengthened if approaches were developed for their conversion into value-added chemical 
feedstocks as well as transportation fuels. 

f 
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We suggest that two broad approaches can be taken for coal conversion into value-added 
chemicals. The fmt can be viewed as the indirect approach, analogous to the so-called "indirect" coal-to- 
chemical conversion [Schoben, 19841. The essence of the indirect approach would be the conversion of 
coals to liquids. Once the liquids were obtained, they would be subjected to appropriate separation or 
conversion operations to produce the chemical products of interest However, separation of coal liquids 
into individual compounds is time consuming and expensive. An analogy from coal processing is the 
concept of combining short-contact-time liquefaction with catalytic dealkylation to produce aromatic 
hydrocarbon monomers [Song et al., 1989; Hirota et al., 19891. The simplified aromatic compounds 
will then be used for making value-added products. The alternative. much bolder and of much higher 
risk, is the direct approach. In this approach a reagent would be introduced to the coals to cleave only a 
certain well-defined set of bonds and carefully cut out the molecular structures of interest. The highly 
selective removal of these srmctures could lead to monomers or precursors to the monomers for some of 
the high-performance polymer materials. An analogy proposed for direct production of chemicals from 
coal would be the use of selective oxidation to generate high yields of benzene carboxylic acids from 
low-rank coals [Song and Schobert, 19931. 

On-going Research on Catalytic Synthesis of Chemicals in This Laboratory 

In this section, specific examples will be. provided from work in progress in our laboratory, 
including conversion of aromatic compounds in coal liquids to value-added chemicals, specialty 
chemicals, and monomers for polymer materials. We are exploring the catalysts, reactions, and 
processes for developing value-added chemicals and materials from coal-derived, carbon-based 
compounds. 

a r e  
studying coal liquefaction in conjunction with the production of aromatic chemicals. Analysis of various 
coalderived oils indicates that there are many 1- to 4-ring aromatic and polar compounds in coal-derived 
liquids that can be converted into valuable chemicals [Lai et al., 1992; Song and Schoben, 1993; 
Burgess et al., 1993; Huang et al., 1994; S a i N  and Song, 1994; Song and Saini, 1994; Lai and Song, 
19951. For example, phenol, naphthalene, and phenanthrene are rich in coal liquids from primary 
liquefaction of some coals. Phenol is one of the top twenty organic chemicals [CEN, 19941 and is 
commercially synthesized through multi-step process (benzene isopropylation, oxidation of isopropyl 
benzene, separation of phenol). However, phenol is rich in the oils from coal liquefaction, particularly 
when the liquefaction is promoted by dispersed catalysts and water [Song and Saini, 1994; Saini and 
Song, 19941. Phenol can be separated directly from the coal liquids, and it can be used as or converted 
into monomer for many aromatic polymers and engineering plastics, including those shown in Scheme 
I. Naphthalene and its derivatives are rich in the oils from some bituminous coals. Naphthalene and 2- 
alkylnapthalene are important aromatic chemicals. It should be noted that the use of aromatic 
compounds, that are in coal liquids and heavy oils, for making value-added chemicals requires the 
starting material to be reasonably pure. Our recent catalytic studies include the shape-selective 
conversion of two- to three-ring aromatic compounds (naphthalene, phenanthrene, and their derivatives) 
into value-added chemicals, as described below. 

This catalytic reaction can produce 
2,6-dialkyl substituted naphthalene (2.6-DAN). 2.6-DAN is needed now as the feedstock of monomer 
for making the advanced polyester materials such as polyethylene naphthalate (PEN, Scheme I), 
polybutylene naphthalate (PBN, Scheme I), and liquid crystalline polymers (LCP, Scheme 11). By 
using some shape-selective catalysts, we have achieved selective alkylation of naphthalene, with over 
65% selectivity to 2.6-DAN by using isopropanol [Song and Kirby, 1993, 19941 or propylene as the 
alkylating agent [Schmitz and Song, 19941. We also found some simple and effective methods for 

Production of Phenol and Aromatics from Coals via Liquefaction. We 
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enhancing the selectivity, which are not available in the prior arts [Schmitz and Song, 1YY4, 
unpublished data]. 

Ring-shift Isomerization of Phenanthrene Derivatives. This reaction leads to 
anthracene derivatives, particularly sym-octahydroanthracene (sym-OHAn). We have found that some 
catalysts selectively promotes the transformation of sym-octahydrophenantne into sym-OHAn, which 
we call ring-shift isomerization [Song and Moffan, 1993,19941. Some catalysts can afford over 90% 
selectivity with high conversion [Lai and Song, 1994, unpublished datal. This work could provide a 
cheap mute to making anthracene and its derivatives, which are valuable chemicals in demand, Rom 
phenanthrene, which is rich in coal tar from coal carbonization, pyrolysis, and liquefaction. Examples 
of the possible applications of sym-OHAn may include the manufacturing of anthracene (which is in 
demand for making dyestuffs), anthraquinone (which is an effective pulping agent), and pyromellitic 
dianhydride (which is the monomer for making polyimides such as Du Pont’s Kapton). 

Conformational Isomerization of cis-Decalin to trans-Deca!ia. The commercial 
decalin solvents axe almost equimolar m i x c m  sf cis&alin and uans-decalin. In an earber work using 
dec~. r .  as a solvent, we found accidentally that cis-decalin isomerize into trans-decalin at low 
temperatures (250°C) over some catalysts [Song and Moffatt, 1993, 19941, which would otherwise 
requires a high temperature such as 450°C [Song et al., 19921. This work is a continuation of our 
earlier observation that transdecalin has substantially higher thermal stability at high temperatures [Song 
et al., 19921. Our recent experimental results indicate that it is possible to achieve over 90% conversion 
with 95% selectivity with some catalysts at low temperatures such as 200°C [Lai and Song, 1994, 
unpublished]. Possible application of this work is the manufacture of high-temperature heat-transfer 

used both as heat sinks and as fuels that are required for high-Mach aircraft [Schobert et al., 19941. 

Shape-selective Naphthalene Hydrogenation. Complete hydrogenation of 
naphthalene in convential process produce miXNres of cis- and transdecalin, and. In recent studies on 
naphthalene hydrogenation, we have found that certain catalysts selectively promote the formation of 
cis-decalin or transdecalin [Song and Grainne, 1993, unpublished data; Schmitz and Song, 1994, 
unpublished data]. Now we can selectively produce cisdecalin, with over 80% selectivity at 100% 
conversion [Schmitz and Song, 1994, unpublished data]. cis-Decalin may have potential industrial 
application as the starting material for making sebacic acid, which can be used for manufacturing Nylon 
6.10 and softeners. 

.J 
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fluids. Another application lies in the production of advanced thermally stable jet fuels, which can be 

t 

PRODUCTION OF CARBON MATERIALS FROM COALS 

Carbon materials represent an important market for non-fuel applications of coal and coal- 
derived pitch materials. We have discussed the possibilities of developing various coal-based carbon 
materials recently [Song and Schobert, 19931 based on the materials listed in several reviews by Walker 
[1986,1990] and by Marsh [1989,1991]: 

Metallurgical cokes 
Molecular sieving carbons (MSC) 
Pitch-based carbon fibers 
Mesocabon microbeads (MCMB) 
Mesophase-based carbon fibers 
Carhn fiber reinforced plastic 
Carbon whiskers or filament 
Graphite and graphite-based materials 
Diamond-like films 

Activated carbons 
Activated carbon fibers 
Carbon elecucdes 
Carbon blacks 
Intercalation Materials 
Elastic Carbons 
Composite materials 
Fullerenes or “bucky-balls” , 

Carbon-based Materials Made Directly from Coals. Currently the production of 
metallurgical coke is the largest non-fuel use of coals, primarily bituminous coals. It is estimated that 
about 500 million tonnes (metric tons) of coke are produced annually in the world [Mochida and 
Sakanishi, 19931. China is one of the largest producers and consumers of coals and coke. In 1992, 
China produced 1204 million short tons of coals [EIA EO, 19941. About 10% of coals mined in China 
ae used for making metallurgical coke [Guo, 19941. 

Figure 2 shows the profile of the U.S. metallurgical coal consumption and coke production over 
the period 1950-1992. Coal consumption by the U.S. coke industry (and some other indusnial sectors) 
uended downward-since early 1970s. The reasons have been discussed in our previous review [Song 
and Schobert, 19931. In 1993, the metallurgical coal consumption and coke production in the U.S. 
were 31.3 and 23.2 million short tons, respectively. The annual demand for coke in the U.S. is 
expected to funher decrease to 18.7 million short tons by 2002 [Gilbert, 19931. The decrease in coke 
production also means a decline in coal tar production, which could lead to the shortage of both aromatic 
chemicals, particularly 2- to 4-ring chemicals, and the pitch feedstocks for making carbon fibers and 
other needed carbon materials. This also gives rise to the need for developing alternate coal-based 
feedstocks for making various aromatic chemicals and carbon materials. 

Activated carbons are used mainly as adsorbents for liquid-phase and gas-phase applications. 
In 1992, the world total annual production of activated carbons from various feedstocks was estimated 
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to be about 450,000 tonnes; among which 70,000 tonnes were produced in China, with about 30,000 
tonneS made from coal and 40,OOO tonnes from the other feedstocks [Gao, 19941. The amount of coals 
used worldwide for producing activated carbons are estimated to be 200,000 tonnes/year [Golden, 
19921. Significant growth potential exists for this application, primarily for environmental protection, 
e.g., purification of water and air. Jagtoyen and Derbyshire have carried out a series of studies on the 
production of activated carbons from bituminous coals by chemical activation [Jagtoyen et al., 1992, 
19931. The liquid phase applications include water purification, decolorizing, food processing, and 
gold recovery, etc.; the gas phase applications cover air purification, gas treatment, and solvent 
recovery. More information on activated carbons may be found in a recent review by Derbyshire and 
co-workers [Derbyshire et al., 19941. 

The amount of coals used worldwide for producing molecular sieving carbons are estimated to 
be 3,OOO tonnesJyear [Golden, 19921. The application of molecular sieving carbons (MSC) for gas 
separation by pressure-swing adsorption (PSA) is now commercially viable. For example, MSC is 
used for air separation by Air Products and Chemicals Inc. It is expected that more companies will be 
engaged in producing MSC in the 1990’s and into the next century. 

The other industrial non-fuel uses of coals are included in those by industries and rnanUfaCNI%Ig 
plants, especially those who make chemicals, cement, paper, ceramics, and various metal products. 
Table 4 shows the U.S. coal consumption at manufacturing plants in 1992 by standard indusmal 
classification (SIC) code [EIA QCR, 19941. Use of coal for gasification can be parrly classified as non- 
fuel use when the products are used as chemical feedstocks. Gasification is currently used for making 
synthesis gas (CO + Hz) and for producing H2 for various hydrogenation and hydroprocessing in 
pewchemical and petroleum retining industries. The use of coal for gasificationis included in Table 4 
at the manufacturing plant with SIC code 29. 

The details of the non-fuel uses at manufacturing plants are not available. However, direct coal 
injection into blast furnace is already in indusuial practice. This use may have been included in SIC 
Code 33 in Table 4. There are some other interesting uses [Bonskowski, 19941. Some lignite can be 
used as additive in drilling mud (drilling for oil and gas) as a lubricant and sealant. Young [1993] 
reviewed some other non-fuel applications of coais, particularly low-rank coals. They are 1) form coke 
fiom non-coking coals for use as a reductant in the metallurgical indusuies; 2) agricultural use of low- 
rank coals for production of coal-based fertilizers, soil conditioners, and humic acids; 3) special 
adsorbent carbons for storage of gases such as methane; and 4) production of carbon black and carbon 
support for making catalysts. 

The heavy fractions 
of coal tars, widely called coal tar pitches, are the raw materials for making carbon fibers and other 
carbon materials such as mesocarbon microbeads [Matsumura. 1989; Song and Schobert, 1993; 
Derbyshire et al., 19941. 

The liquids and semi-liquids derived from coal extraction and liquefaction can also be used for 
making various carbon-based materials such as carbon fibers and graphitic materials. Kimber et al. 
[1981] and Zondlo et al. [1993] reponed on the production of graphitic materials from carbonization of 
coal extracts. Kimbex and Gray [19761 also noted that there are potential advantages in using coal-based 
coke for making carbon elecmdes. Fei et al. [1994] reported on the production and properties of 
carbon fibers from coalderived liquids as well as shale oils. Some lignite in California is used in an 
extraction process to make Montan wax, which may be used in shoe polishes, elastics, and elecmcal 
insulating [Bonskowski, 19941. 

Carbon-based Materials Made from Coal-derived Liquids. 

On-going Research on Production of Carbon Materials from Coal and Coal Liquids in 
This Laboratory 

In the following section, specific examples will be provided from work in progress on carbon 
materials in our laboratory, including conversion of coal and pitch materials into various carbon 
materials. 

Our interest in the possibility of converting 
anthracite into graphite was stimulated by two considerations: anthracites already conrain well over 90% 
carbon, with aromaticities of essentially 1; and while anthracite currently sells in the range of $80 per 
ton, the best quality graphite materials sell for about $80 per pound. Our initial research was motivated 
by two hypotheses. First, the alignment of the large ammatic sheets presumed to exist in anthracite into 
the ideal graphitic suucture could be facilitated by removing any residual heteroatom or aliphatic carbon 
atoms that might serve as covalent m s s l i i  “locking” the aromatic sheets into disordered SUUCNT~S. 
This, it was hypothesized, could be accomplished by reaction of anthracite with powerful hydrogen 
donors, such as 9,lOdihydrophenanthrene or 1,2,3,4-tetrahydro-fluoranthene prior to graphitization. 
Second, this process would be facilitated further if the spent donor (e.g., phenanthrene arising from 
9,lO-dihydrophenanthrene) was itself a graphitizable material and could therefore provide sites around 
which the graphitic structure could grow. 

We have investigated the reactions Of several Pennsylvania anthracites with hydrogen donors 
[Atria et al., 1993,1994; Atria, 19951. Cocarbonization of anthracite with a hydrogen donor, followed 
by high-temperature graphitization, produces a material having crystalline d-spacings in the range 
0.3357-0.3361 run, values which are quite close to the ideal value for graphite, 0.3354 nm. However, 
the crystalline height, b, of the best materials are in the range 54.7-58.8 nm, about half the value 

Conversion of anthracite into graphite. 
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(104.0 nm) observed in commercial graphite. As part of this work we have obtained unequivocal 
evidence that hydrogenation of anthracite does occur by direct reaction with hydmgen donors. 

To further improve the quality of the graphitic product, we have begun an investigation of the 
catalytic graphitization of anthracites [Zeng et al., 1995al. In this work, six Pennsylvania anthracites 
bein evaluated as feedstocks. The catalysts currently under investigation are La2O3, CezO3, and 
Gdz8-j. mixed with anthracites in amounts up to 5%. A second aim of this present project is to reduce 
substantially the temperature of graphitization. We are investigating graphitization tempratures as low 
as 1800°C, whereas in our earlier work much of the graphitization was done at 2900 C. A very large 
reduction in graphitization temperature nanslates to a significant energy saving in the graphitization 
process. 

Conversion of Coals into Activated Carbons. At present, the main thmst of c i i  
work is again devoted to Pennsylvania anL!xi*s. A sinal coliateraj effort is underway on activation of 
Turkish low-rank coals, in conjunction with various agriculturaJ products indigenous to Turkey. 

Steam and air activation have been investigated for production of carbons from anthracites 
[Gergova et al., 1993% 1993bl. The highest BET surface area obtained was 720 mz/g [Gergova et al., 
1993bl. The panicle size of the anthracite is a critical paramem, the best carbon (in terms of apparent 
surface area) was obtained from anthracite of <1 mm particle size. Subsequent work [Gergova et al., 
19951 has used an environmental scanning elecaon microscope (ESFM) to observe development of a 
porous structure in real time, even though the ESEM operates at 2 Torr, whereas normally activation is 
done at atmospheric pressure. In this work we also investigated air treatment of the anthracite (e.g., 3 h 
at 30OOC) prior to steam activation. The activated anthracites produced in the latter study have a 
microporous structure with a significant fraction of the pores having molecular dimensions. This 
suggests that molecular sieve materials could be produced from Pennsylvania anthracites. 

Related Studies on Anthracites. Anthracite has long been an "orphan" in coal 
science research. Only a tiny fraction of the coal literature is devoted to reports of work on anthracites; 
in consequence, little fundamental information is available on anthracite properties and structure. 
Recently we have begun a collaborative effort with Carbone-Lorraine North America to investigate the 
basic physical properties of anthracites [Zeng et al.. 1995bl. Major physical properties, including 
density, mechanical strength, hardness, coefficient of thermal expansion, and micmstructure, are being 
measured and correlated with chemical properties such as proximate and ultimate analyses, porosity, 
apparent surface area, and aromaticity. The aim is to evaluate further the potentialities of using 
anthracites as raw materials for the production of various carbon products. 

Very limited testing of the elecmcal properties of Pennsylvania anthracites has shown that they 
are not substantially below mesocarbon microbeads in some properties affecting use in lithium batteries 
or other dry cells [Zeng, 19941. We infer, from this encouraging preliminary work, that limited, but 
controlled, srmctural modification of anthracites could make them amactive candidates for electrodes in 
batteries. 

CONCLUDING REMARKS 

Despite the relatively small amount of their non-fuel use. research into efficient use of the 
valuable hydrocarbon resources such as coal for non-fuel applications is becoming imponant. 

We must always bear in mind that coal is an important source of hydrocarbons. There are many 
ways of using the hydrocarbon resources. Burning is only one of them. Expansion of the non-fuel 
uses is desirable, because coal will also become more important as source of both energy and chemical 
feedstocks in the next century. From the viewpoints of the resource conservation and effective 
utilization, many of the components in coals as well as in petroleum should be converted to. or used as 
value-added chemicals, polymers, and carbon materials. 

George A. Olah, the 1994 Nobel Prize winner, pointed out recently [I9911 that "oil and gas 
resources under the most optimistic scenarios won't last much longer than through the next century. 
Coal reserves are more abundant, but are also limited. ... I suggest we should worry much more about 
our limited and diminishing fossil resources." James L. Adams indicated in his recent book [1991] 
that "oil and coal used as fuel have allowed us to work wonders, but they are too valuable as complex 
hydrocarbons that can be converted into all som of the forms (such as plastics) to be so rapidly burned 
in automobiles, power plants, and furnaces." 

ACKNOWLEDGMENTS 

Various portions of our research were supported through funding or donations of special 
samples from the U.S. Department of Energy, Pittsburgh Energy Technology Center, Pennsylvania 
Energy Development Authority, Air Products and Chemicals Inc., PQ Co, and Duracell Co. Helpful 
discussions with Professor H. Marsh of Southern Illinois University, Dr. T. Golden of Air Products 
and Chemicals Inc., Dr. G.M. Kimber of British Coal Co., Dr. K.C. Krupinski of Aristech Chemical 
Co.. Dr. R. F. Bonskowski of DOJYEIA, Dr. J. Broadhead of Duracell Worldwide Technology 
Center, and Drs. F. Rusinko, S. h e r ,  S. Zeng, W.-C. Lai, and A. Schmitz of PSU are gratefully 
achowledged. 

254 



, 

REFERENCES 

Adam, J. L. Flvine Buttresses. Entrouy. and 0-Rings. The World of an Engineer. Harvarc _ -  
University prkss; 1991, p.241. 

erauhite from anthracite. Procedines 21st Biennial Conference on Carbon, uu. 342-343.1993. 

- 
Atria, J. S.M. Zeng, H.H. Schobert, and F. Rusinko, Jr. A novel approach to the production of 

Atria,-J.k., S. Zeng, F. Rusinko, Jr., b d  H.H. Schobert. Novel approach id the production of 
graphite from anthracite. Am. Chem. Soc. Div. Fuel Chem. Prepr., 1994.39.884888. 

Atria, J.V. Production of anthracite from graphite, M.S. Thesis, The Pennsylvania State University, 
University Park, PA, 1995. 

Bonskowski, R. F. Energy Information Administration, U.S. DOE. personal communication 
November 9,1994. 

Burgess, C. E., K. Wenzel, C. Song, P. G. Hatcher, and H. H. Schobert. Structural Correlation 01 
Coal Liquefaction Oils with Flash Pyrolysis Products. Roc. 7th Internat. Conf. Coal Sci., Banff 
Canada SeDt. 12-17. 1993. Vol. I, ~~.311-314.  

CEN 
Collin, G. Erdol und Kohle - Erdgas Petrochem. 1985.38 (11). 489-496 

Chem. Eng. News, July 4, 1994 - -  
Derbvshire. F. J.. M. Jaetoven. Y. 0. Fei. and G. Kimber. Am. Chem. Soc. Div. Fuel Chem I-. ~. ~ -1 ~ ~ 

F‘repr., 1994,.39 (l), c3-‘120. ~- 
’ 

Energy Informatlon Admmistration (EIA). Annual Energy Review (AER) 1992, U.S. DOE, Report 
No. DOE/EIA-0384(92), June 1993. 

EIA AEO Annual Energy Outlook 1994, DOEEIA-0383(94), January 1994. 
EIA IEO International Energy Outlook (IEQ), DOE,EIA-0484(94), July 1994. 
EL4 IPSR International Petroleum Statistics Report (IPSR), DOE/EIA-0520(94/04), April 1994. 
EIA MER Monthly Energy Review (MER), DOwEIA-0035(93/08), August 1993. 
EL4 QCR Quarterly Coal Report (QCR), July-September 1993, DOE/EIA-O121(93/3Q), February 

EIA QC;94, Quarterly Coal Report (QCR), January-March 1994, DOE/EIA-O121(94/lQ), August 

Fei, Y.Q., F. Derbyshire, M. Jagtoyen, and I. Mochida. Advantages of Producing Carbon Fibers and 

Gao, S .  Activated Carbon Industry in China Tanso (Japanese), 1994, No. 163, 145-149. 
Gergova, K., S. Eser, and H.H. Schobert. Pyrolysis/activation of anthracite for production of activated 

carbons, Proceedings, 21st Biennial Conference on Carbon, pp. 412413,1993. 
Gergova, K., S. Eser, and H.H. Schobert Preparation and characterization of activated carbons from 

anthracite. Energy and Fuels, 1993,7,661-668. 
Gergova, K., S .  Eser, H.H. Schobert, M. Klimkiewicz, and P.W. Brown. Environmental scanning 

electron microscopy of producing activated carbons from anthracite using one-step 
pyrolysis/activation. Fuel, 1995, in press. 

Gilbert, B.R. Co-production of Iron and Methanol. Proc. 10th Ann. Internat. Pittsburgh Coal Conf., 
University of Pittsburgh, Pittsburgh, Sept. 20-24, pp.410-415, 1993. 

Golden, T.C. Air Products Co., personal communication, April 24,1992. 
Guo, S .  Present State and Overview of Coal Utilization Technology in China Energy & Resources 

(Japanese), 1994, 15 (2). 161-165. 
Hirota, T., M. Nomura, and C. Song. A Method for Manufacture of Aromatic Chemicals from 

Coals. Japan Patent, 1-279990 (Assigned to Osaka Gas Company, Japan), November 10, 
1989 (in Japanese). 

Huang, L., C. Song, and H. H. Schobert. Liquefaction of Low-Rank Coals as a Potential Source of 
Specialty Chemicals. Am. Chem. Scc. Div. Fuel Chem. Prepr., 1994,39 (2). 591-595. 

Jagtoyen, M., M. Thwaites, J. Stencel, B. McEnaney, and F. Derbyshire. Adsorbent Carbon 
Synthesis from Coals by Phosphoric Acid Activation. Carbon, 1992.30 (7), 1089-1096. 

Jagtoyen, J. Groppo, and F. Derbyshire. Activated Carbons from Bituminous Coals by Reaction with 
H3P04: The Influence of Coal Cleanning. Fuel Process. Technol., 1993.34.85-96, 

Kimber, G. M., and M. D. Gray. Comparison of Evolution of Heteroatoms from Coal and Petroleum 
Based Electrode Cokes. Am. Chem. SOC. Sym. Ser., 1976,21,445-450. 

Kimber, G. M., A. Brown, and J. N. kirk. Arc-steel Electrodes from Coal via Solvent Extraction. 
High Temp. -High Press., 1981, 13, 133-137. 

Lai, W.-C., C. Song, H. H. Schobert., and R. Arumugam. Pyrolytic Degradation of Coal- and 
Petroleum-Derived Aviation Jet Fuels and Middle Distillates. Am. Chem. Soc. Div. Fuel Chem. 
Prepr., 1992.37 (4). 1671-1680. 

Lai W.-C. and C. Song, 1994, unpublished data, The Pennsylvania State University, 
Lai, W.-C. and C.’Song. Temperature-Programmed Retention Indices for GC and GC-MS Analysis 01 

Coal- and Petroleum-derived Liquid Fuels. Fuel, to bepublished, 1995. - 
Marsh, H. 1991. “New and Traditional Carbon Materials from Petroleum and Coal Sources”. Papel 

presented at Information Transfer Session, Cooperative Program in Coal Research, November 
18-19, Pennsylvania State University, University Park, PA. 

Marsh, H. (Ed.), 1989. “Introduction to Carbon Science”, Butterworths, London, 321 pp. 
Matsumura, Y. Current Status and Rospectives of Coal Pitch-Based Carbon Fibers. Kagaku Keizai 

Matsumura, Y. Expanding Applications of Pitch-Based Carbon Materials. JlXI (Jappanese), 1989b, 

Mochida, I. and K. Sakanishi. Tasks and Scopes of Coal Science. J. Japan Inst. Energy (Japanese), 

Murakami, H. Nenryo Kyokai-Shi (Jappanese), 1987.66 (6). 448-458. 
NCA Facts about Coal. National Coal Association, July 1993. 

1994. 

Activated Carbon Fibers from Shale Oils. Proc. of 1993 Eastern Oil Shale Sym., May 1994. 

(Jappanese), 1989a, No.9, 33-41 

37 (No.9). 223-226. 

1993, 72 (S), 312-320. 

255 



Olah, G. A. Nonrenewable Fossil Fuels. Chem. Eng. News, February 11,1991. 
Saini, A. K., and C. Song. Two-Dimensional HPLC and GC-MS of Oils from Catalytic Coal 

Schmidt, E., and C. Song Model Hydrocracking Reactions over Monometallic and Bimetallic 

Schmitz, A., and C. Song. Shape-Selective Isopropylation of Naphthalene over Dealuminated 

Schmitz and Song, 1994, unpublished data, The Pennsylvania State University. 
Schobert, H.H., 1984. In: W.R. Kube, E.A. Sondreal, and C.D. Rao (Eds.), Technology and 

Schoben, H.H., S. Eser, C. Song, P. G. Hatcher, P. M. Walsh, and M. M. Coleman. Advanced 
Thermally Stable Jet Fuels. Technical Report, U.S. Department of Energy, DE-FG22- 
92-2104-TPR-8, Ju!y 1994.96 pp. 

Sheldon, R.A. Chemicals from Synthesis Gas. Reidel Pub. Co., Boston, 1983 
Song, C., K. Hanaoka, and M. Nomura. Short-Contact-Time Pyrolytic Liquefaction of Wandoan 

Subbituminous Coal and Catalytic Upgrading of SCT-SRC. Fuel, 1989.68 (3). 287-292. 
Song, C. and H. H. Schoben. Specialty Chemicals and Advanced Materials from Coals: Researct 

Needs and Opportunities. Am. Chem. Soc. Div. Fuel Chem. Prepr., 1992,37 (2). 524-532. 
Song, C. and S. Krby. Shape-Selective Alkylation of Naphthalene over Molecular Sieve Catalysts. 

Am. Chem. Soc. Div. Petrol. Chem. Prepr., 1993, 38 (4). 784-787. 
Song, C. and K. Moffatt. Zeolite-Catalyzed Ring-Shift and Conformational Isomerization Reactions 

of Polycyclic Hydrocarbons. Am. Chem. Soc. Div. Petrol. Chem. Prepr., 1993, 38 (4), 779- 
783. 

Song, C. and H. H. Schobert. OppOnUnitieS for Developing Specialty Chemicals and Advancec 
Materials from Coals. Fuel Processing Technol., 1993, 34 (Z), 157-196. 

Song, C. and H. H. Schobert. Aromatic Polymer Precursors from Coals: A New Direction in Coal 
Chemistry. Proc. loth Ann. Intemat. Pittsburgh Coal Conf., University of Pittsburgh, Pittsburgh 
Sept 20-24, pp.384-389, 1993. 

Song, C. and S. Kirby. Shape-Selective Alkylation of Naphthalene with Isopropanol over Mordenite 
Catalysts. Microporous Materials, Elsevier, 1994,2 (5) .  467-476. 

Song, C. and K. Moffatt. Zeolite-Catalyzed Ring-Shift Isomerization of sym-Octahydrophenantne 
and Conformational Isomerization of cis-DecahvdronaDhthalene. Microoorous Materials. 

Liquefaction. Am. Chem. Soc. Div. Fuel Chem. Prepr., 1994,39 (3), 796-800. 

Dispersed Catalysts. Am. Chem. Soc. Div. Fuel Chem. Prepr., 1994.39 (3). 733-737. 

Mordenite. Am. Chem. Soc. Div. Fuel Chem. Prep., 1994.39 (4). 986-991. 

Utilization of Low-rank Coals. US. Dept of Energy Report WE/ME1%/84-13; pp. 83-103. 

- -  
Elsevier, 1994,2 (9,459-466. 

Song, C., H.H. Schoben, and A.W. Scaroni. Current Status of U.S. Coal Utilization Technologies 
and Pros~ects. Enerev & Resources (JaDanese). 1994. 15 (2). 142-153. 

Song, C., and A. K. Saini.-- Using Water ha' Dispekd MoSiCatalyst for Coal Conversion into 
Fuels and Chemicals. Am. Chem. Soc. Div. Fuel Chem. Prepr., 1994.39 (4), 1103-1107. 

Speight, J.G. (Ed.), Fuel Science and Technology Handbook. Marcel Dekker: New York, 1990.1 193 
PP. 

Speight, J.G., The Chemistry and Technology of Petroleum. Marcel Dekker: New York, 1991, 
Chapter 21 (Petrochemicals), p.717. 

Swain, E.J. U.S. Crude Slate Gets Heavier, Higher in Sulfur. Oil Gas J., 1991, September issue, 

Walker, P.L., Jr. 1986. Review Article: Coal Derived Carbons. Carbon, 24 (4): 379-386. 
Walker, P.L., Jr. 1990. Carbon: An Old but New Material Revisited. Carbon, 28: 261-279. 
Young, B.C. Meeting the Value-Added Challenge with Coal Briquetting and Pelleting. Proc. 10th 

Ann. Intemat. Pittsburgh Coal Conf., University of Pittsburgh, Pittsburgh, Sept. 20-24, pp.402- 
407, 1993. 

Zeng, S .  Unpublished data, The Pennsylvania State University, University Park, PA, 1994. 
Zeng, S., F. Rusinko, Jr., H.H. Schoben, D.P. Struble, and W.A. Nystrom. Graphitization of 

anthracites with the addition of rare earth compounds. Proceedings, 22d Biennial Conference on 
Carbon, (submitted, 1995). 

Zeng, S., F. Rusinko, Jr., H.H. Schobert, D.P. Struble, and W.A. Nystrom. Investigation of the 
physical properties of Pennsylvania anthracites. Proceedings, 22d Biennial Conference on 
Carbon, (submitted, 1995). 

Zhou, P.-Z., Marano, J.J. and Winschel, R.A., 1992. Prep. Pap.-Am. Chem. Soc., Div. Fuel Chem., 

Zondlo, J.W., P.G. Stansberry, and A.H. Stiller. Pitch and Coke Production via Solvent Extraction of 
Coal. Proc. 10th Ann. Intemat. Pittsburgh Coal Conf., University of Pittsburgh, Pittsburgh, 
Sept. 20-24, pp.379-383, 1993. 

59-61. 

37 (4), 1847-1854. 

256 



Scheme I. Structures of Some Important Aromatic Plastics Materials 

n 

Polyethylene Terephthalate (PW /Damn,  Mylar 

Polyethylene Naphulalate (PEN) I Teijin, Amoco 

Polybqtylene Terephthalate (PBT) / Valox. Celanex 

Polybutylene Naphthalate PBN) /Teijin's PBN Resin 

hlYC&OMte (w) 

Polyphenylene Oxide (PPO) 

P o i y s u l f ~  (ps) 

Polyphenylene Ether Ether Ketone (PEEK) 

Polyarylate (PAR) 

Scheme II. Structures of Some Important Liquid Crystalline Polymers (LCPs) 
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Table 1. World and U.S. Energy Supply and Demand 

Year T o t a l  Petroleum N.Gas Coal Nuclear Hydropower Other 
~~ 

World Total Energy Consumption / Quadrillion Bm Btu) 

1992 347.5 136.3 74.3 88.9 21.5 22.3 4.4 

U.S. Energy Consumption / Quadrillion Btu 

1992 82.42 33.51 20.34 18.89 6.65. 2.81 0.22 

US. Energy Productlon / Qurdri!!ion B:u 

1992 66.93 15.22 20.67 21.68 6.65 2.81 0.22 

U S .  Energy Input a t  Electric Utllltles I Quadrillion Btu 

1992 29.56 0.95 2.83 16.19 6.65 2.76 0.19 

Note: According to DOE EIA. 1 quadrillion BN b equivalent to 45 million shon tons of coal. 
170 million bamls of crude oil. and 1 trillion cubic feet of dry natural gas. 

Table 2. Non-fuel Use of Fossil Fuels in the US. in 1992 

Coal Petroleum N. Gas 
Cote Oihcr Pctro- Asphall Liquefied Lubricant Pctroleum Special Wax, Chemical 

chemical and Road Petrolcum Cote naphtha elc. fscdrtoeti 
fccdrtostr Oil Gases 

Phydrd Unlt I million rhm tons fa Coal; million bmclr for oil; billion cubic feet for natural gas 

32.37 1.8 202  166 386 5 4  4 2  1 9  27 611 

Energ, Unll / Quadrillion Btu Bru) 

0.73 0.05 1.14 1.10 1.35 0.33 0.25 0.10 0.16 0.63 

- Lignite 

w 

t 100- 

0 1  
1 9 6 0  1 9 7 0  1 9 8 0  . 1 9 9 0  2 0 0 0  2 0 1 0  

Year 

Figure 1. Production of coal by type in the U.S. during 
1960-1992 (1 short ton = 0.907 metric ton). 
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Table 3. US. Coal Production and Consumption 

Coal Supply and Demand I million short tons 
Year Production Consumption Export Import Others and 

IOSSCS 

1992 997.545 892.421 102.516 3.803 9.407 

Coal Consumptlon by Sectors I million short tons 

Year Electric Utilities Coke Plants Other Industrial Residential and Total consum 
Commercial 

1992 779.860 32.366 74.042 6.153 892.421 

- CoalConsumed 

Note: 1 shon ton = 907.184 kg = 2000 pounds = 0.907 mcmc ton 

\ - CokeRoduced 

ProJec t lon  

0 4 .  I .  I .  I .  I .  r .  I I 
1 9 4 5  1 9 5 5  1 9 6 5  1 9 7 5  1 9 8 5  1 9 9 5  2 0 0 5  

Year 

Figure 2. U.S. metallurgical coke production during 1949-1992 

Table 4. U.S. Coal Consumption at Manufacturing Plants by Standard 
Industrial Classification Code (Thousand Short Tons) 

SIC code Jan-March Apr-June July-Sept Oct-Dcc U.S. 
1993 1993 1993 1993 T o t a l  

20 
21 
22 
24 
25 
26 
28 
29 
30 
32 
33 
34 
35 
36 
xx 

Food and kindred products 
Tobacco products 
Textile mill products 
Lumber and wood products 
Furninuc and fixtuns 
Pap1 and allied products 
Chemicals. allicd products 
Petroleum and coal products’ 
Rubber. mix. plastics products 
Stone. clay. glasa producu 
Rimmy metal indusmcs’ 
Fabricated mcUl producls 
Machincry. except clectric 
Electric. elecmnic quipmcnt 

(SIC 23. 27. 31, 37. 38. 39) 
Other manufacturing industries 

2264 
184 
370 
2 7  
35 

3302 
3490 
1760 
7 8  

2781 
1623 
113 
180 
8 9  
w 

1568 
156 
313 
2 9  
1 8  

2918 
3079 
1832 

6 7  
3170 
1833 
5 9  
8 4  
5 9  
W 

1491 
1 5 4  
258 
2 3  
1 6  

2946 
3044 
1695 
5 6  

3329 
1 7 0 0  

3 3  
4 8  
2 9  
w 

2419 
1 5 4  
334 
3 0  
3 2  

3270 
3338 
I963  
6 4  

3478 
1872 

8 0  
121 
6 8  
w 

7802 
648 
1275 
109 
101 

12436 
12951 
7250 
265 

12758 
7028 
285 
433 
245 

W 

U.S. Total 17175 15705 15268 17931 66079 
1) Includes coal gasification projects. 
2) Excludii coke planls. W Withheld by DOE to avoid disclosw of individual company data. 
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